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Total lonizing Dose Effects in MOS Oxides and
Devices
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Abstract—This paper reviews the basic physical mechanisms of of many years, and a reasonable degree of understanding has
the interactions_ of ionizing radiation with MOS oxic_ies, inclqding now been achieved. This understanding represents a major
charge generation, transport, trapping and detrapping, and inter- accomplishment of the NSREC and the NSREC community.
face trap formation. Device and circuit effects are also discussed . -
briefly. Much of this understanding has been captured elsewhere

N . . . already—Ma and Dressendorfer [1] edited a major review

Index Terms—CMOS, ionizing radiation, microelectronics, L .

MOS. radiation effects. volume. In addition, Oldham [2] prepared another book, which
’ was intended to update parts of the Ma and Dressendorfer book,
to reflect later work. Both volumes discuss the same material to

. INTRODUCTION be presented here, and in far greater detail than is possible here.
HE DEVELOPMENT of military and space electronics
technology has traditionally been heavily influenced by Il. OVERVIEW

the commercial semiconductor industry. The development of\ye begin with an overview of the time-dependent radiation
MOS technology, and particularly CMOS technology, as domasponse of MOS systems, before discussing each of the major
inant commercial technologies has occurred entirely within t%ysical processes in greater detail. Then, we will discuss the
lifetime of the NSREC. For this reason, it is not surprising th%pncations of the radiation response for testing, prediction,
the study of radiation interactions with MOS materials, devicegng hardness assurance. We will also discuss the implications
and circuits has been a major theme of this conference for mggcaling (reducing the oxide thickness) and issues associated
of its history. with oxide isolation structures and leakage currents.

The basic radiation problem in a MOS transistor is illustrated Fig. 2 shows a schematic energy band diagram of a MOS
in Fig. 1, where Fig. 1(a) shows the normal operation of &rycture, where positive bias is applied to the gate, so that elec-
MOSFET. The application of an appropriate gate voltage causgsns flow toward the gate and holes move to the Si substrate.
a conducting channel to form between the source and draingsQ,r major physical processes, which contribute to the radiation
that current flows when the device is turned on. In Fig. 1(bpesponse of a MOS device, are also indicated. The most sensi-
the effect of ionizing radiation is illustrated. Radiation-inducege parts of a MOS system to radiation are the oxide insulators.
trapped charge has built up in the gate oxide, which causeg@en radiation passes through a gate oxide, electron/hole pairs
shift in the threshold voltage (that is, a change in the voltagge created by the deposited energy. InSitbe electrons are
which must be applied to turn the device on). If this shift igych more mobile than the holes [3] and they are swept out of
large enough, the device cannot be turned off, even at zero vlig oxide, typically in a picosecond or less. However, in that first
applied, and the device is said to have failed by going depletigi:osecond, some fraction of the electrons and holes will recom-
mode. bine. That fraction will depend greatly on the energy and type

In practice, the radiation-induced charging of the oxidgs the incident particle. The holes, which escape initial recom-
involves several different physical mechanisms, which talgation, are relatively immobile and remain near their point of
place on very different time scales, with different field deperyeneration, where they cause a negative threshold voltage shift
dences and different temperature dependences. For this reagpg.\MOS transistor. These processes, electron/hole pair gener-
the overall radiation response of a device or circuit can Bgion and recombination, together, are the first process depicted
extremely complex, sometimes to the point of bewildermen, Fig. 2. In Fig. 3, this process determines the (maximum) ini-
However, the overall response can be separated into its COm@grthreshold voltage shift.
nents, and the components can be studied individually. In facthe second process in Fig. 2 is the transport of the holes to the
this has happened. Many different individual investigators ha\§/3i02 interface, which causes the short-term recovery of the
studied different parts of the radiation response over a periggeshold voltage in Fig. 3. This process is dispersive, meaning

that it takes place over many decades in time, and it is very sen-
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Fig. 1. Schematic of n-channel MOSFET illustrating radiation-induced charging of the gate oxide: (a) normal operation and (b) post-irradiation.
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Fig. 2. Schematic energy band diagram for MOS structure, indicating major

physical processes underlying radiation response. Fig. 3. Schematic time-dependent post-irradiation threshold voltage recovery
of n-channel MOSFET, relating major features of the response to underlying

a remnant negative voltage shift, which can persist for hoursRpsical processes.

even for years. But even these stable trapped holes undergo a

gradual annealing, which is illustrated in Fig. 3. [ll. DESCRIPTION OFBASIC PHYSICAL PROCESSES
The fourth major component of MOS radiation responseUNDERLYING THE RADIATION RESPONSE ORMIOS DEVICES

is the radiation-induced buildup of interface traps right at the \ayt we consider these basic physical mechanisms in more

Sif Sio? interfac_:e. These traps are localized S_tates With_ Enelg¥tail and provide critical references. But for a complete review,
levels in the Si band-gap. Their occupancy is determined Ry, readers should consult the references
the Fermi level (or by the applied voltage), giving rise to a

voltage-dependent threshold shift. Interface traps are highly gjectron-Hole Pair Generation Energy

dependent on oxide processing and other variables (applied i , )

field and temperature). The electron/hole pair creation enerlfy was determined to
Fig. 3 is schematic in that it does not show real data, bf 183 €V by Ausmanand McLean [4], based on experimental

it reasonably represents the main features of the radiation f&ia obtained by Curtist al.[S]. This result has been confirmed

sponse of a hardened n-channel MOS transistor. The rangdgependently by others [6], [7], including a more accurate set
data, from 10° s to 10 s, is enormous, as it has to be to inof measurements and analysis by Benedetto and Boesch, Jr. [8],
clude qualitatively the four main processes we have discussé@ich established’, =17 + 1 eV. From this value of7,, one

For the oxide illustrated in Fig. 3, a relatively small fraction Orf:agcalt_:ulate the charge pair volume density pergae; 8.1 x

the holes reaching the interface are trapped, which is why Wé pa_ur_s_/cm?’-rad. But this initial density is quickly reduced
say it is realistic for a hardened oxide. Many oxides would trdy th€ initial recombination process, which we discuss next.
more charge than is shown here. In addition, the final threshold . )

shift, including interface traps, is positive (the so-called rebouriti INitial Hole Yield

or superrecovery effect) here because the number of negativelffhe electrons are swept out of the oxide very rapidly, in a
charged interface traps finally exceeds the number of trappde on the order of a picosecond, but in that time some frac-
holes. Not all oxides really have this behavior, but it is one aion of them recombine with the holes. The fraction of holes es-
the results which can be considered “typical.” caping recombinationf, (Eox), is determined mainly by two
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Fig. 5. Fractional yield as a function of applied field for Co60 gamma rays,
12-MeV electrons, and geminate model calculations [7], [11], [17].

Fig. 4. Schematic diagrams indicating pair separation distances for t
recombination models: (a) geminate (separate electron/hole pairs) ¢
(b) columnar (overlapping electron/hole pairs).

factors: the magnitude of the electric field, which acts to sep
rate the pairs, and the initial line density of charge pairs creat
by the incident radiation. The pair line density is determined t
the linear energy transfer (LET), and is, therefore, a function -
the incident particle type and energy. The line density is also i@
versely proportional to the average separation distance betw ™
electron/hole pairs; obviously, the closer the average spacing
the pairs, the more recombination will occur at a given field, ar
the less the final yield of holes will be.

The recombination problem cannot be solved analytically fi
arbitrary line density, but analytic solutions do exist for the lim
iting cases, where the pairs are either far apart or very clc
together. These cases are illustrated in Fig. 4. Fig. 4(a) shc
the so-called geminate recombination model, where the aver:
separation between pairs is much greater than the thermaliza . . . 1 .
distance, the distance between the hole and the electron. ( % 0.5 1.0 15 20 25
can treat the interaction between the charges of an isolated
which have a mutual coulomb attraction, which undergo drirt
motion in opposite directions under the influence of the appliety. 6. Fractional yield as a function of applied field for alpha particles
field, and which have a random diffusion motion driven by th:@_c!dent on SiQ.__SoIid lines indicate columnar model results for different

. . . . initial column radii [14], [16].
thermal fluctuations of the system. But interactions with other
pairs can be neglected. The geminate recombination model was
first formulated by Smoluchowski [9] and later solved by Oneently, Oldham [14]-[16] has presented a more accurate numer-
sager [10], originally for the recombination of electrons anidal solution of the Jaffe equation, which extends the range of
positive ions in gases. Experimental and theoretical results fgplicability of the model. Representative experimental data, for
the geminate process are shown in Fig. 5, where the theoretalleV alpha particles, are presented in Fig. 6 [14], along with
curve was obtained by Ausman [11], assuming the average thieoretical curves. The parameiéas the half-diameter assumed
malization radius; to be 5 nm. for the initial Gaussian charge distribution. Recombination re-

The other case, called columnar recombination, is illustratedlts for a variety of incident particles are summarized in Fig. 7
in Fig. 4(b), where the separation between pairs is much 1§43]. At a field of 1 MV/cm, there is a difference of more than
thanr;. There are several electrons closer to any given hole tham order of magnitude in the yields shown for different parti-
the electron, which was its original partner, so the probability afes. Clearly, recombination is an important effect, which must
recombination is obviously much greater than in the gemindbe accounted for, when comparing the effect of different radi-
case. The columnar model was originally solved analytically kation sources. One case of considerable practical importance is
Jaffe [12], extending earlier work by Langevin [13]. More rethe comparison of yield between ©'qgamma rays and 10 keV

ELECTRIC FIELD (MV/cm)
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nation process is not purely geminate until the proton energy is
well above 100-200 MeV.

1.0 12.MeV ELECTRONS & CoB?

S
- oe ‘,,"/ C. Hole Transport
E ' /”/w«ev X-RAYS The transport of holes through the oxide layer has' been
z ‘/ studied extensively by several groups [29]-[40], and it has
§ 0.6 ,’/A—keVELECTRONS the following properties: 1) Transport is highly dispersive,
2 taking place over many decades in time following a radiation
= 0.4 700-KeV PROTONS pulse. 2) It is universal in nature, meaning that changes in
e temperature, field, and thickness do not change the shape or
! /.,./-"" Qispersion of the recovery curves ona log-time plot. Changes
0.2(+, P POSITIVE BIAS in these varlables_ affect onl_y the time-scale of the recovery.
¢ /,,; o Z-MeV—c;—P;;( TICLES 3) The transport is field act!vated. 4) At temperatures _above
) z— " A ) | about 140 K, the transport is strongly temperature activated,
0 1

2 3 4 5 but it is not temperature activated below about 140 K. 5) The
ELECTRIC FIELD (MV/cm) hole transport time, or recovery time, has a strong super-linear
o7 Exoerimentall d fractional hole vield function of &bl pdower law dependence on oxide thickness.

1g. /. Xperimentally measured fractional hole yiela as a tunction ot applie P .
field, for a number of incident particles. The best overall description of the experimental ho_le
transport data seems to be provided by the contin-

uous-time-random-walk (CTRW) hopping transport formalism,

1 : 4 . which was originally developed by Montroll and others
s e 8 e’ ot GEMIfN - [41]-[44]. This formalism has been applied to hole transport
- A 2 P *  “mopEL in silicon dioxide by McLean [29], [32], [33], [37]-[40] and
g B e by Hughes [30], [31], [36]. (However, the multiple trapping
T o4 / ° model [34], [35] also accounts for many of the features of
g Tvn Pailet the experimental data.) The specific transfer mechanism
8 COODEL Byn Srassinopoulos seems most likely to be small polaron hopping of the holes
- YD Seropoulos between localized shallow trap states having a random spatial
® Yp Brucker distribution, but having an average separation of about 1 nm.
001 , , ) The term polaron refers to the situation where the carrier
’ 1 10 100 1000 interacts strongly with the surrounding medium, creating a
Proton Energy (MeV) lattice distortion in its immediate vicinity (also referred to as

self-trapping). As the hole hops through the material, it carries
Fi_g.8. Recombination measurements and c_alculationsfor'protonsincidemtp@; lattice distortion with it. The strongest evidence for the
SiO.. N andp refer to n- and p-channel transistors, respectively. . . . .

polaron hopping mechanism is the transition from thermally

activated transport above about 140 k to nonactivated transport
X-rays, which has been studied extensively by several differeattlower temperatures. This transition is a classic signature of
groups [8], [17]-[19]. polaron hopping [44]-[47]. Many other features of the hole

As one might expect, there are also a number of intermedigtensport, such as dispersion, universality, and superlinear

cases of practical interest, where neither model is strictly apptitickness dependence, can be attributed to a wide distribution
cable, as illustrated in Fig. 8. The original version of this figuref hopping times for the individual holes.
was published by Oldham [20] in 1984, based on experimentalRepresentative experimental data are presented in Figs. 9-12.
data by Stassinopoul@ al.[21]-[23] and Bruckeet al.[24], Fig. 9 shows the effect of temperature variation, and Fig. 10
[25]. But additional data points have been added from time-tshows the effect of varying the electric field. In both figures,
time, as other experiments were reported [26]—[28]. These latke results cover seven decades in log-time, following a short
experiments have generally reported lower yield (that is, moradiation pulse. In both Figs. 9 and 10, the flatband voltage shift
recombination) than the earlier experiments. The different eis-plotted as a function of log-time, normalized to the calculated
periments have all been done at different fields, so the geshift before any transport occurs. In Fig. 9, the field is 1 MV/cm,
inate model limit is different in each case, which is not indiand the strong temperature activation above 140 K is apparent. In
cated in Fig. 8. Strictly speaking, the theoretical curves in Fig.F8g. 10, all the curves are takerifat= 79 K. The universality and
apply only to the Stassinopoulos and Brucker measuremenmtspersion of the transport is better illustrated in Fig. 11, where
The other key point is that the LET for a proton and an eleall the curves from Fig. 9 are replotted for scaled time. The entire
tron is not really the same until their energy is about 1000 Me¥ansport process covers 14 decades in time (!), and all the curves
well above the energy of any incident particle in any of these ellave the same “S” shape. The tintgy,, at which the flat-band
periments. In the original version of Fig. 8, the geminate modebltage reaches 50% recovery, has been used as the scaling
was indicated schematically to apply from 1000 MeV down tparameter. The solid line is an analytical fit of the CTRW model,
about 150 MeV because it appeared to fit the data availablevndiere the shape parametehas the value 0.25. Finally, Fig. 12
that time. But the more recent data indicates that the recomsitows how the hole transit time varies with oxide thickness,
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Fig. 9. Normalized flatband voltage recovery following pulsed Linac 12-MeV electron irradiation of 96.5 nm oxide at different temperatures.
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<3 that some of them will be in states where the next hop is a difficult
ﬁ 0.50T one, one that takes a long time to happen. Then, the farther the
= holes go, the slower they move.
2 0757
0 T Lk -~ D. Deep Hole Trapping and Annealing
108 106 104 102 100 102 104 108 The most complete discussion of hole trapping and annealing

SCALED TIME (tit,) is by Oldham [2]. Deep hole traps near the Si/SiBterface

Fig. 11. Normalized flatband voltage recovery data following pulsed Linagrise because there is a transition region where oxidation is not
electron beam exposure of 96.5 nm oxide capacitor at 80 K for different ﬁe'C@omplete. This region contains excess Si. or oxygen vacancies
depending on how one looks at it. The oxidation process was
ast(l)/;, or abouttd. This oxide thickness dependence arisetescribed by Deadt al. [48] in an early review article, which
because the farther the holes transport, the greater the probabilias based on original work done even earlier. Eventually, Feigl
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et al. [49] presented a convincing model for the single oxyge or— * h,

vacancy. Basically, there is one oxygen atom missing from tl AR

usual lattice configuration, leaving a weak Si-Si bond, whe 1 : \‘2:

each Si atom is back-bonded to three oxygen atoms. Whe g . L

positive charge is trapped, the Si—Si bond is broken, and the 1z _, |-

tice relaxes. The key point that Feigl added to earlier discL . |radiation Anneal Il Anneal
sions was that the relaxation is asymmetric-one atom relay B OV;SQ,CO o Jg(l‘_:,o
into a planar configuration, and the other remains in a tetr L ) °vé=0 O YG=410
hedral configuration. The oxygen vacancy was also eventua PRE 01 10 100 1000 1 10 100
connected to th&’ center, originally detected by Weeks [50] in (110 'ads%ime (hr)

a-quartz, but also later detected in bulk glasses and thermally . o ) i
grow_n SiQ_[Sl]. The cor_relation of?’ centers, and oxygen va- Egéiire l’;&;egzﬁyhr(gggcgf?;lgﬁ, negative bias curve shows that “annealed
cancies, with radiation-induced trapped holes was first estab-

lished by Lenahan and Dressendorfer [51].

Oxide trapped holes are relatively stable, but they do undergalgeady well known. The transition from Fig. 15(a) and (b) was
long-term annealing process which can extend for hours or evéggcribed by Feigtt al. The transition from Fig. 15(b) and (c)
years, with a complex dependence on time, temperature, and@ipd back describes the switching reported by Schweiréd.
pliedfield. Generally, trappedholeannealingcanproceedbyeit@d by Leliset al. And the transition from Fig. 15(c) back to
of two processes, tunneling or thermal excitation. Ator near roonid- 15(a) indicates the true annealing, which is also observed.
temperature, tunnelingisthe dominant mechanism, butifthe tem-The dipole hypothesis by Lelet al. was attractive because it
peratureisraisedenough, thethermalprocesswilleventually dogiplained many things very simply, but at first, it was also con-
inate. Tunneling has been analyzed by several authors [52]-[38)yversial. Itwas criticized by three differentgroups [77]-[80] for
as has the thermal process [59]-[71]. Both processes can give @igierent reasons. The biggest problem was that putting an extra
to the linear-with-log dependence thathas been observed empiilectron on aneutral Siatominstead of a positive Sirequired over-
ically [53]-[55], but one has to make different assumptions aboteming anelectron—electronrepulsion. Lelial.pointed outthat
the trap energy level distribution for the two processes. addingthe extra electrontothe positive Siwould require changing

The study of radiation-induced trapped hole annealing haglanar configuration of atoms into a tetrahedral configuration,
led to new insights about the atomic structure of the oxide trapoving around atoms in the lattice to change bond angles, which
which in turn has led to new insights into the structure of neutréfould require adding energy. The energy to rearrange the lattice
electron traps, which play a critical role in breakdown studigbight be greater than the electron—electron energy, which would
and in other reliability problems. (For a full discussion, see [2]ean stable dipoles would be energetically favored. But, initially,
One of the key results is illustrated in Fig. 13, originally rethey lacked the means to quantify this argument, so debate con-
ported by Schwanlet al. [72]. An irradiated sample was an-tinued for several years.
nealed under positive bias at 100 for about one week, and Several other independent experiments produced results,
all the trapped positive charge appeared to be removed. Biftich seemed to support the dipole hypothesis. These included
then they applied a negative bias, and about half the neutridlermally stimulated current (TSC) measurements, first by
ized positive charge was restored within a day. This result led$tanfieldet al.[62]-[64], and later by Fleetwood [65]-[69]. In
the idea that annealing of radiation damage involved a compedition, Walterst al. [81] concluded that the dipole proposed
sation process. That is, defects were neutralized without beimg Lelis et al. acted as a neutral electron trap in their injection
removed. Although other groups quickly confirmed the bas&xperiments. This work was an important independent confir-
result [57], [73], several years passed before Letial. did a mation of the dipole hypothesis, but it was also a significant
thorough study [74]-[76]. One of their key results is shown iaxtension of it. Basically, they argued that the positive end of
Fig. 14, where a hardened oxide is exposed to a short Linac raflie dipole acted as an electron trap, so that a second electron
ation pulse and then subject to a series of alternating positive amaild be trapped, making the whole complex net negative. The
negative bias annealing steps. Under negative bias, a significaggson this result was important was that there is an enormous
amount of neutralized positive charge reappears, but therébaxly of literature on neutral electron traps and the critical role
also a significant amount of “true” annealing, where the trappé#icey play in nonradiation-induced reliability problems. (This
charge really is removed. Lelet al. proposed a model, illus- literature is too extensive to discuss here; see [2].) The lketlis
trated in Fig. 15, to account for their results and results of othegs. dipole hypothesis became an important piece of the puzzle
Generally, it had been assumed that annealing was proceedetbbyexplaining all this other work. And, finally, Conlest al.
an electron tunneling to the positively charged Si, neutralizing [82], [83] conducted ESR experiments, where they cycled
and reforming the Si—Si bond. Instead, Lelis proposed the eletrarge back and forth by alternating bias, while monitoring
tron tunnels to the neutral Si, forming a dipole structure, whetiee £’ signal. Their main result is shown in Fig. 16. The
the extra electron can then tunnel back and forth to the substrdigole model was the only one consistent with this result, so it
in response to bias changes. This model is consistent with gedtled the debate, at least on the experimental side. Even more
electron spin resonance (ESR) work of Lenabgaal.[51] and recently, two theoretical groups have done quantum mechanical
with the electrical results of Schwank and others, explainingcalculations, using different mathematical approaches, which
variety of complex results in terms of a single defect, which wédmave also indicated that dipoles should be energetically favored
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Fig. 15. Model of hole trapping, permanent annealing, and compensation processes.

1.1

under certain conditions [84], [85]. In addition, Fleetwaaidl.
have recently extended this model to argue that it also accoun ot
for 1/ f noise results, which they reported [86]. <
We note that, in recent years, there has been much discussi1§ 0.9
of the role of border traps, oxide traps that exchange charge wit 2
the Si substrate. The proposal to call these traps border traj 2 0.8
was made by Fleetwood [87] in 1992. At that time, the dipole é 07
model by Leliset al.had been in the literature for four years and W
was already well known. Now, more than ten additional years 0.6}
have passed, and the defect described by legla. is still the

-y

——

0.5

only confirmed border trap, at least in the Si/Si€ystem. Other Hr o1 NI P1 N2 P2
border trap structures have occasionally been proposed [88], b Bias condition

they have not done well in experimental tests [82], [83]. Fig. 16. E’ density during alternate positive and negative bias annealing.

E. Radiation-Induced Interface Traps bonded to three other Si atoms, with a dangling bond extending

Radiation-induced interface states have been identified witito the oxide. This defect is amphoteric, negatively charged
the so-calledP,, resonance in ESR studies, by Lenahan arabove mid-gap, neutral near mid-gap, and positively charged
Dressendorfer [89]. This center is a trivalent Si atom, badlelow mid-gap. Lenahan and Dressendorfer showed a very
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strong correlation between the buildup of thg resonance and 3.0
the buildup of interface traps, as determined by electrical mea-
surements. There is also an extensive literature suggesting that

LINAC, 600 krad
Wet oxide

this same defect is also present as a process-induced interface 'E 2.0 .
trap. We cannot review all this literature here, but other reviews — <°
have already been published [1], [2]. [90], [91]. (In particular, 2
see [2, Ch. 3, refs.].) The basic picture, however, is that when z': 1.0 .

the oxide is grown, there are still about'#@cn? unpassivated
trivalent Si centers. In subsequent processing, almost all these
centers are passivated by reacting with hydrogen. However, 0] L.
they can also be depassivated, either by radiation interactions 5 25
. Prerad 100 10° 102 103 104

or by other environmental stresses. Time (s)

There have been many conflictingmodels proposedto describe
the process(es) by which radiation produces interface traps, £ 17. Experimental results from field switching experiments that support

H+ transport model.

much controversy about them. However, a reasonable degree

of consensus has finally emerged. All the models are consistent

with the idea that the precursor of the radiation-induced interface T 1 3
trap is a Si atom bonded to three other Si atoms and a hydroge 313;1;”7 62 Mrad .
atom. When the Si—H bond is broken, the Si is left with an %‘ Vg (rad)=+3V b
unpassivated dangling bond, as an electrically active defect 1 10 3
The process by which the Si atom is depassivated is where thg Vg (Ann) 3
models differ. Now, it has become clear that the dominant proces: = T<180K T>180K

is a two-stage process involving hopping transport of protons, 2 TA A
originally described by McLean [92], which was based on a 1 0% —= ! E
series of experimental studies by his coworkers [93]-[101]. This o 3 ’z s"\”,';c" E
work was confirmed and extended in a series of additional studie: < 4
by Saks and his coworkers [102]-[108]. In the first stage of this b
process, radiation-induced holes transport through the oxide .1 I l l

and free hydrogen, in the form of protons. In the second stage 70 100 200 300 400
the protons undergo hopping transport (following the CTRW Anneal Temperature (K)

formalism described above). When the protons reach the intei. 18. Isochronal annealing results showing small neutral hydrogen
face, they react, breaking the SiH bonds already there, formmgusmn process and largerHtransport process for interface trap formation
H, and a trivalent Si defect. One of the critical experlment

results is shown in Fig. 17 [90], [101], which shows the results

of bias switching experiments. For curve A, the sample wasThe two-stage proton transport model is a robust model at
irradiated under positive bias, which was maintained throughdhts point. It has been confirmed by different groups (McLean
the experiment, and a large interface trap density eventuadlyd coworkers, and Saks and coworkers), using different test
resulted. For curve B, the bias was negative during irradiatistructures (capacitors and transistors, respectively), different
and hole transport, so the holes were pushed away from tfate technologies (Al active metal and poly-Si, respectively),
interface, but the bias was switched positive after 1 s, duriagd different measurement techniques (C-V analysis and
the proton transport. The final number of interface states foharge pumping respectively). Despite all these variations,
curves A and B is almost the same, however. For curve E, tthés process has always been the main effect. However, it does
bias is maintained negative throughout both stages, and interface explain everything. Boesch, Jr. [110] and Saks [103] have
trap production is suppressed completely. For curves C andi@entified a second-order effect, where a small part of the
the bias is negative during irradiation and hole transport baterface trap buildup seems to correlate with the arrival of
switched positive later than for curve B. In all cases, bias polaritsansporting holes at the interface. Presumably, the holes break
during the hole generation and transport made no differentlee Si—-H bonds instead of protons. Also, Griscom [111] and
but positive bias during the proton transport was necessaryBmwn [112] had proposed originally that diffusion of neutral
move the protons to the Si/SiGnterface. The time scale of thehydrogen, rather than drift transport of protons, was the main
interface trap buildup was determined by the transport time wfechanism for interface trap production. But, Sakal.[103]

the protons. (For curves B, C, and D, the protons were initiallyere able to isolate the neutral hydrogen effect and showed
pushed away from the interface, so it took them longer to giiat it was also small. The key result is shown in Fig. 18, where
there after the proper bias was applied.) McLean also worked ¢l interface trap buildup between 120 and 150 K is due to
the average hopping distance for protons to be 0.26 nm, whicmisutral hydrogen, and the buildup above 200 K is due to proton
the average distance between oxygen atoms. And, he determimadsport. The vertical scale is a log scale here, so the neutral
the activation energy for the interface trap buildup to be 0.82 evydrogen process accounts for only a few percent of the total
which is consistent with proton transport [109]. Saks eventualbuild-up. Griscom and Brown both eventually endorsed the
succeeded in monitoring the motion of the protons directly [106YicLean model [113].
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Fig. 19. Latent interface trap formation for OKI p-channel transistors [120].
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There have also been several models proposed where trapp@d?- Vr. Vor, andVir annealing; long term response illustrates rebound
ffect [72].

holes are somehow converted to interface traps—usually the
details of the conversion process are not specified [114]-[118].

These modelsare notwellregardedtoday. Forexample,inFig. ¢ices. Next, we consider these mechanisms in the context of
curves B and E have the same hole trapping. For this reasdayice and circuit testing, hardness assurance, and prediction.
one might expect these models to predict similar interface trap

buildups, contrary to what is shown in the figure. If one studies. Rebound or Super-Recovery

hole trap remova! and |n§erface trap buildup _carefully, the two The rebound effect is illustrated in Fig. 20 [72] which
processes have differenttime dependences, dlfferenttempera%

re .
; : ows threshold voltage shifAVr) for a MOSFET, along
dependences, and different bias dependences. They havewlfl}ﬁuﬁ its components, oxide trapped chargAVor) and

same dose dependence, but ot_herW|se seem _to b‘.a complel% rface trapped charge\Vir), during both irradiation and
independent. Here, we cannot discuss these things in detail, t-irradiation annealing. The annealing data is shown for two

etaL.[30]providetia oasonabie oxplanation fo expermental fMPSralres, 25C and 125°C.
i prow P rexp . fter irradiation, the threshold shift is less than 1 V, but this
sults purporting to show trapped hole conversions. They pointed_.. S . . ). .
. relatively small shift is obtained by compensating positive oxide
outthattrapped holes that dotundergo a defect transformation, : : : L
tgﬂaped charge with negatively charged interface traps (in this

can account for most of these results; that is, trapped holes Ion-channel device). When the hole traps anneal, however, the

like interface traps in some experiments. (The model for theﬁﬁal threshold shift is positive, about 3.5 V, which is more than

holes is discussed in Section ”I.'D') The exchange of char ﬁ?ughto fail the device. The effect of raising the temperature is
bfté\{egn 'Frappt(;d holes aTld the dSI stﬁbstrate hgs zeer: eXtensé%ea\ﬁneal the hole traps faster, but the same final state is reached
studied since then (usually under the name border traps) [ at'room temperature. One could imagine a device that failed

[119], and the idea that such charge exchange takes place 308 to trapped positive charge immediately after irradiation, that
longer considered unusual.

! " would later work properly for a time as some of the holes an-
Finally, some samples exhibit what has been called a latent property

1Nn- . . .
) L o ; fr”ealed, that would then fail again later from trapped negative
terface trap buildup, which isillustrated in Fig. 19 [120]. This ef- . :
fectis thought to be due to hydrogen diffusing into the gate oxi harge as more of the holes annealed. There is very little change

. X N interf r Nnsi ring the annealing pr ither
region from another part of the structure, perhaps the field oxide terface trap density d.u 9 t. € anneaiing p ocess'at eithe
: ) ; mperature, so the late time failure would be due to interface

or an encapsulating layer. The latency period arises because

RS . . taSs that were there at the end of the irradiation.
hydrogen is diffusing from (relatively) far away. From a testing To test for rebound. there is now a standard test method

point of view, this is a difficult effect to account for. There is NQ 519 4 which calls for a 100C anneal for 168 hours. which
trace of it on the time scale of most laboratory tests, yet it C%\ﬂg detect the effect in oxides similar to the one used in Fig. 20
1]. This method represents a compromise, becaus€ @00

eventually be a large, even dominant, effect, on a time scale;[?
months. Saket al. [108] subsequently reported that the |ate |Csnnot a high enough temperature to accelerate the trapped hole
dnnealing in all oxides, but if one goes much higher in temper-

buildup is suppressed by a nitride encapsulating layer, whi
serves as a barrier to hydrogen diffusion. Unless one knows hg{’t’, re, the interface traps may anneal too [89]
e rebound effect is of great practical concern for space en-

the samples are encapsulated, it is not possible to predict ahea.i:ih
vironments because components are typically exposed to rel-

of time whether a latent buildup will occur or not.
atively low dose rates for very long mission lifetimes. There
is now strong emphasis on using unhardened commercial tech-
nology as much as possible, which is reasonable to consider in
We have now completed our review of the basic physicapace because oxide traps may anneal as fast as they are created,
mechanisms underlying the radiation response of CMOS de¥r nearly so. A component that fails at a low dose in a laboratory

IV. IMPLICATIONS FOR RADIATION TESTING,
HARDNESSASSURANCE AND PREDICTION
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test from oxide trapped charge, as many things do, may wc '2 ' T T ' T T L
guite well in space because of the low dose rate and anneali WINOKUR etal. ‘“7/"
But this discussion only applies to the positive charge—neg ror Ca-137 (0.168 rad/s) _
tively charged interface traps (in an n-channel device) that w os _ ° O\ |
continue to buildup throughout the mission life. Therefore, it |,. | O NS ]
necessary to check for rebound too. =oel 4

We note that rebound is only a problem on n-channel devic2 | X-ray, 52 rad (S102)/8 ¢q.137
because the hole traps and interface traps are both positive ¢4 |- (0.05 raa/s) |
p-channel devices. For this reason, their electrical effects ac X-ray, 6550 rad (5i05)/s .
instead of compensating. Of course, the hole traps donotchar 0.2 | \ o .
state with changes in applied bias in either n- or p-channel d F LINAC, 2 PULSES, 6 x 107rad (5102)/s .

. . . . . | 1 1 1 1
vices, while the interface trap state does depend on bias in gi 00'1 o 1o or  10°  10°  10°  10® 107
eral. t (s)
o T T T T T T T
B. Apparent Dose Rate Effects 3 Cs-137 (0.05 rad/s)
-0.4 -1

In CMOS devices the radiation response does not norma
depend on the dose rate, except in the case of extremely shor _,
tense nuclear-driven pulses. However, apparent dose rate effwz-
are often observed if a given dose is delivered at two or mc$ _;, |
different rates in different tests, because the exposure times < i
different, and we have already discussed many different tir .16 |
dependent effects that will contribute to the overall respons .
Generally, if one allows the sample to anneal after the shor -2.0 . L + ' L L .

A\x-ny, 52 rad (SiO2)/s

X-ray, 5550 rad (Si02)/s

LINAC, 2 PULSES, 6 x 109 rad (Si02)/s

. 0.1 1.0 10 2 3 0] S 10 107
exposure, so that the measurements are done at the same ti 10 t'z.) 10 1
the response will be the same, within normal experimentalerr  o.e T 7 T T T T T
The most definitive experiment showing the absence of a tr Ca-137 (0.05 rad/s)

Cs-137 (0.165 rad/s)

rate dependence was reported by Fleetweioal. [122] where 04 o

identical samples were exposed to the same dose, with the d
rate varied over 11 orders of magnitude. The resultsXof, s
AVor, andAVrr are shown in Fig. 21. In each case, the samp Z
with the highest rate exposure is allowed to anneal followir > I
irradiation. All the lower rate exposures fall almost perfectt ¥ _ ,
on the annealing curve, indicating that if the dose and the tir L
of the measurement are the same, the response will also be -1.2}|
same. -
An approach, which has been used with some success, to} -1¢ L - ” . L ,
dict the response of a CMOS device at dose rates other tt o1 10 1o t‘?.) 1 1 10 1°
those available in the laboratory is the use of linear systems
theory [S3]-[55], [123]. If one determines, by testing, the iMrig. 21. V., V., Vir annealing results showing absence of dose rate effect
pulse response function of a device to a short radiation pul§e2].
then one can determine the response to an arbitrary exposure
by doing a convolution integral, as long as the response is I|n(tar
with dose (meaning that the response to the different dose incre-
ments simply add up). The impulse function used in [53]-[55] In Section IV-B, we discussed the use of convolution inte-
was linear-withlog(¢), which is reasonable for many unhardgrals in linear systems theory to predict the radiation response
ened commercial oxides. In general, the impulse response fuata component, which will work if the system response is linear
tion may be more complicated, but linear systems theory caiith dose. Unfortunately, there are many cases of practical in-
still be used, in principle [20]. terest where the response is nonlinear. For example, hole trap-
A spectacular example of the mischief that can be causediing may saturate with dose [7], due to trap filling, space charge
testing at different dose rates is shown in Fig. 22 [124]. In theffects, recombination of trapped holes with radiation-induced
case, a circuit was tested to failure at a wide range of dose ratsctrons, or a balance between hole trapping and tunnel an-
At high dose rates (the right-hand side of the figure), it failed akaling. Space charge effects, in particular, play a critical role
a dose of a few kilorad because of the buildup of positive oxide at least two areas, SOI buried oxides and bipolar isolation
trapped charge. At low dose rates (the left-hand side), it failedtides. Boesch, Jet al. showed that SIMOX SOI buried ox-
at slightly higher doses due to negatively charged interface trages trap essentially all the radiation-induced charge, so that
(rebound). But at one dose rate in the middle, where positive ashce charge fields are much larger than any applied field, and
negative charge generation were precisely balanced, it survitbd response is dominated by space charge effects [125], [126].
to very high doses. The enhanced low dose rate sensitivity (ELDRS) [127] of some

o

X-ray, 52 rad (Si0;)/s -1

X-ray, 5550 rad (§i03)/s

LINAC, 2 PULSES, 6 x 10° rad (SI03)/s

Nonlinear Effects
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Fig. 22. Dependence of circuit failure level on dose rate [124].

bipolar circuits has been shown to be related to space chargectfarge is a useful approximation which seems to introduce
fects [128]. We will not discuss these topics here because tteyors of only a few percent.

are covered in detail in other papers in this issue [129], [130].

But it is useful to keep in mind that space charge effects c&n Dose Enhancement

happen in bulk CMOS devices, too. Dose enhancement has been known and studied for many

years, but it is a practical problem because of the widespread
D. Charge Separation Techniques use of low energy (10 keV) X-ray sources. For a photon

source (X-ray or gamma), most of the energy deposition is

In order to do sensible testing and analysis, one naturalgtually done by secondary electrons. The critical concept

wants to be able to separate the overall radiation respolisealled charged particle equilibrium (CPE). Normally, in a
of a device or test structure into its components. Therefolegmogeneous slab of material, CPE is maintained because the
after the hole transport is complete, it is common practiceumber of secondary electrons scattering into any increment
to write AVy = AVpr + AVir, where the right-hand of volume is equal to the number of electrons scattering out.
terms are the threshold voltage shifts due to oxide traps afilde problem in an MOS device is illustrated in Fig. 23 [17],
interface traps, respectively. There are different methods fohere there are several thin layers of different compositions
separatingAVr into its components, but they all use thend, therefore, different cross sections. CPE is not maintained
assumption that interface traps are net neutral at midgagcause more secondary electrons cross an interface from the
so thatAVy,¢ is a measure of oxide hole trapping (that ishigh-Z side than from the low-Z side. In Fig. 23, the solid
AVyeg = AVor = —qANot/Cox). Here,q is the elec- lines indicate the deposition profile that would be predicted for
tronic chargeCox is the oxide capacitance, aidor is the 10 keV X-rays, using the mass absorption coefficients alone,
number of oxide traps. Then, the shift due to interface trapsvisthout any secondary electron transport. Fig. 23(a) indicates
everything elseAViTr = AVy — AV,,q. For a capacitor, one the situation when the oxide is thick compared to the range
can use the stretch-out between midgap and inversion, or tifethe secondary electrons, where the broken line indicates
stretch-out between threshold and midgap onltHé charac- the change in the depth-dose profile from the transport of
teristic of a transistor (which usually requires extrapolating treecondary electrons into the oxide layer. The situation for a
subthreshold current to midgap). Rather than discuss the dettils oxide is illustrated in Fig. 23(b), where the electrons go all
of these procedures, we simply give a few key references [7#]e way through the oxide layer, and the dose-enhancement is
[131], [132]. We note that the assumption of midgap neutralifndicated by the broken line. Dose enhancement as a function
for interface traps was first used by Lenahan and Dressendoidépxide thickness is indicated in Fig. 24 [17], [135]-[137]. For
[51], reexamined later by McWhorter [133], and still later byesting with an X-ray source, dose enhancement is an important
Lenahan [134] (again). McWhorter concluded that the poieffect, which means that the dose is different in different parts
of neutrality for interface traps is close to midgap, perhagms the structure (e.g., gate oxides and field oxides). On the other
3 kT below midgap. Lenahan concluded that neutrality for theand, in a C8’ source, the mass absorption coefficient for all
Py center is at midgap, but he also detected a second centiee, materials shown in Fig. 23 is essentially equal, and the dose
called Py, which is present in smaller numbers and which is uniform because CPE is maintained [17], [18], [136], [137].
net neutral a little below midgap (consistent with McWhorterDosimetry, in general, is covered in a separate paper in this
So, the assumption thatV,, is due entirely to oxide trappedissue [139], so we will not discuss it further here.
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a different dependence for a particular oxide. But other depen-
dences have not been shown to hold, in general.) The most im-
portant deviation from thé? . dependence occurs in very thin

oxides, where tunnel annealing eliminates, or at least neutral-

o izes, trapped charge near the interface. The point is that for thin
v / oxides, this annealing process occurs at both interfaces and ac-
counts for all or nearly all of the trapped oxide charge. For thin
w \\ /’ enough oxides, the two tunneling fronts meet in the center of the
a8 Vi oxide, leaving no net positive oxide charge. Data illustrating this

effect are shown in Fig. 25 [7], [141], [142]. Since mainstream

commercial oxides are now thin enough that radiation-induced

Al Sio, Si AVr has essentially vanished, the problem of hardening gate

oxides is basically solved. This leaves field oxide isolation struc-

X tures as the main remaining total dose problem, which we will
discuss in Section V. However, there are three other gate oxide
total dose effects, which we should mention here.

The first of these is the so-called stuck bit problem, which
N is caused by the total dose deposited by a single ion passing
/ through the gate oxide of a transistor. Obviously, this only
happens in very small transistors, but it has been commonly
observed for some time, now. The effect was first reported
by Koga et al. [143] first shown to be due to single ions
by Dufour [144], analyzed in more detail, first by Oldham
[145], and later by Poivey [146]. The basic effect is that the
trapped charge deposited by a single ion is enough to cause
a small threshold voltage shift, which causes a small increase
in subthreshold leakage current. This is sometimes enough to
Fig. 23. Schematic diagram illustrating dose enhancement in thick and tr?iﬁqse the fa”ure.Of an NMOS memory cell, in either a DRAM
oxide Ia-lyers; solid lines are bulk equilibrium doses and dashed lines repres%FnJn a four-transistor SRAM cell, because these cells are very
actual dose profiles. sensitive to small leakage currents. Oldhatal. included
oxide thinning in their analysis and concluded that stuck bits
would tend to go away in thinner future oxides. But this has
not happened as quickly as one might have predicted from

In the history of the commercial semiconductor industryhat analysis. The likely reason was pointed out by Loaiet
few things have been more important than scaling, the reguédr [147], who presented simulation results suggesting that a
shrinking of device feature sizes, so that larger and larggingle ion in the bird’s beak region or the field oxide could also
integrated circuits can be fabricated in a given chip area. Cduse a leakage path that would cause a bit to fail. We also note
course, the radiation effects community has been swept alotigat Swift [148] reported a second class of stuck bits, which
with a new generation of chips every few years and similé& not due to total dose effects, but probably related to oxide
hardening problems to be solved in each new generation. Tireakdown or gate rupture. All these topics will be covered in
fact that NSREC has SEE sessions is a consequence of scalingre detail elsewhere in this issue, so we will not say more
but SEE is covered in other papers in this issue, so we will nabout them here.
say much about it here. However, there are impacts of scalingThe second topic is radiation-induced leakage current
in the total dose response of CMOS, which are appropriate(RILC), which has been addressed in several papers by
cover here. Paccagnella and co-workers [149]-[151]. For thin enough

The most obvious of these is the thinning of the gate oxidexides, electrons can tunnel directly from the substrate to the
Twenty years ago, oxides were typically about 100 nm thichate contact, and the level of such current that can be tolerated
but now, commercially available oxides are less than 10 nis1an important constraint on the design of a circuit. RILC
thick, and research samples are a lot less than that. McGari#tya variation on this idea in that a radiation-induced defect
[140] worked out the gains in gate oxide hardening that couidcreases the substrate-to-gate tunnel leakage current. The
be achieved merely by thinning the oxide, without special prbasic idea is that electrons tunnel from the substrate to a trap
cessing. The point of his analysis is thatr = Qox/Cox, state in the oxide, which is induced by radiation, and then
which leads to the prediction that the threshold voltage shifte electron also tunnels from the trap to the gate contact. Of
is proportional to oxide thickness squared. The total chargedourse, one candidate for this defect is the hole trap described
the oxide is proportional to thickness, and the capacitance is in-Section IlI-D. This effect is a consequence of oxide thinning,
versely proportional to thickness. (We note that other depemr-scaling, and it is a gate oxide total dose effect. The impact
dences have occasionally been reported, and oxide processnthat the effects of the excess leakage current may have
varies so much there is no reason not to believe data showaiguit implications, even though the threshold voltage shift

Al $i0, si

F. Implications of Scaling
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Fig. 24. Measured and calculated dose enhancement as a function of oxide thickness for 10 keV X-rays [8].

ters. For interface traps, this effect was originally identified and
analyzed by Sun and Plummer [152]. Their work was extended
to also include the effect of oxide trapped holes by McLean and
Boesch, Jr. [153]. Generally, interface traps will cause a larger
effect at late times, but the effect of hole traps is detectable in
some experiments.

V. RADIATION -INDUCED FIELD OXIDE LEAKAGE CURRENTS
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Fig. 25. Threshold and flatband voltage shifts per unit dose as a function
oxide thickness at 80 K. Dashed line is thickness squared; solid line and poi

are experimental results [142].

For much of the recent history of the NSREC, the main total
dose problem in MOS technology has been damage to field
oxide isolation structures, which has often meant local oxida-
tion of silicon (LOCOS) structures, as shown in Fig. 26 [154].
Charge buildup in the thick field oxide, or the bird’'s beak re-
gion, or both, turns on a parasitic leakage path. Current flows
from source-to-drain, outside the active gate region, as indicated
in the figure. Experimentally, the effect of such a leakage path
on thel-V characteristic of a device is illustrated in Fig. 27.

The initial -V characteristic of a transistor is shown, along
with the small shift it undergoes when irradiated; the shift is
small because the oxide is relatively thin. There is also a par-
asitic field oxide device curve which is not visible experimen-
tally, initially, because it is far to the right of the gate character-
is}ic. But the field oxide is much thicker than the gate oxide, so
ﬁ’g@ shift per unit dose is much larger and the curve eventually
shifts past the gate characteristic. In the illustration, the post-ra-
diation field oxide curve is on the left side of the figure. The

is insignificant. RILC may also be related to breakdown imeasured—V curve, postradiation, is indicated by the broken
the oxide because it has been argued that leakage currdints labeled “combined.” The leakage current at 0 V increases
contribute to oxide wearout, which in turn leads to breakdowfrom the prerad value by several orders of magnitude, which is
But, a discussion of breakdown is beyond the scope of thiften enough to cause functional failure of a circuit. Oldhetm
paper. al. [154] and Terrellet al. [155] have reported on the radiation
The third topic is mobility degradation—even though the totaiesponse, including annealing, of several commercial field ox-
shift in threshold voltage is small, defects close enough to tites, and there is wide variation in the results. It is basically
interface can reduce carrier mobility by acting as scattering cempossible to predict the response of such an oxide, without
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dependence. Even though the overall, combined response is ex-
tremely complex, a high level of understanding has now been
achieved by isolating the different mechanisms and by studying
them one at a time. The study of these mechanisms has been a
major theme of the NSREC throughout most of its 40-year his-
tory. The understanding that has been achieved stands as a major
success for the conference and the conference community.
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